Most of lubricant additives used as friction modifier and anti-wear agents are mainly organic compounds containing sulphur and phosphorous. Their lubrication mechanism is based on a tribochemical reaction leading to tribofilm formation but also the formation of some harmful by-products. Inorganic nanoparticles (nanotubes, fullerenes, onions...), because of their unique morphology and very small size, could be envisaged for the replacement of such organic additives.
INTRODUCTION
A new research area in tribology is to find less polluting additives as efficient as those used today, in terms of friction reducing and antiwear properties. Traditional additives are mainly organic compounds containing sulphur and phosphorous. Nanotubes are used in many applications. However, there are only a few studies concerning nanotubes in tribology. For example, nanotubes forests were successfully deposited by Ohmae on solid silicon substrates and very high friction was observed [1] . Here, the tribological properties of carbon nanotubes (NTs) are investigated when they are used as additives dispersed in a lubricant base oil. Because of their unique cylinder morphology, these "nanobjects" are thought to have interesting tribological properties. Because they contain only carbon and possible metal catalysts, they are expected to be much less harmful for the environment. Tribological performances of Ni/Y-based single wall carbon nanotubes (SWNTs) additives have already been reported in a previous work [1] . Results show that SWNTs are able to reduce significantly both friction and wear under boundary lubrication. However, the mechanism of action is very complex and not well known. Particularly, the role of the metal (catalyst) needs to be clarified and this is one of the aims of this study.
In this work, we compare the tribological performances of Ni/Y-based SWNTs, Fe-based multi-wall carbon nanotubes (MWNTs) and metal-free MWNTs. Also, graphite onions derived from nanodiamond particles are evaluated.
EXPERIMENTAL
Ni/Y-based SWNTs were obtained from Shizuoka University and contain nanometre-size catalyst particles encapsulated by pseudo-graphitic carbon (figure 1a). Metal-free MWNTs were synthesized at Kobe University using a special technique and procedure which allows most of catalyst particles to be eliminated after synthesis (figure 1b). Fe-based MWNTs containing iron catalyst particles were synthesized by Nanocyl (www.nanocyl.com).
Nanotubes additives are ultrasonically dispersed at various concentrations in a synthetic poly-alpha-olefin (PAO) base oil. No dispersant is used in these formulations in order to avoid any chemical interactions. However, the dispersion is generally stable during the test duration. Tribological tests are performed using a reciprocating pin-on-flat tribometer. Friction pairs are made of AISI 52100 steel. A droplet of the dispersion is deposited on the flat just before starting experiments. The Ni/Y-based SWNTs were tested at 1wt% in PAO whereas Fe-based MWNTs and metal-free MWNTs were tested at 0.5wt% in PAO. Table 1 shows the steady-state friction data obtained with the different NTs dispersions, tested at two different initial contact pressures of 0.83 and 1.12 GPa (corresponding to normal load of 2N and 5N, respectively). The addition of the three kinds of carbon nanotubes leads to a reduction of friction in the ultralow regime. This reduction is more significant in the case of Ni/Y-based SWNTs.
RESULTS
Measurements of the wear scar diameter on the pin at the end of the friction test reveal that all samples present also good antiwear properties compared to the PAO base alone (table 1). In the case of Ni/Y-based SWNTs, the wear scar diameter is very close to the calculated Hertz diameter. Wear particles were collected on the pin wear scar after friction tests with Ni/Y-based SWNTs and metal-free MWNTs and were analyzed by Energy-Filtering TEM. The presence of many flake-like wear debris was observed in the two tests ( figures 2 and 3) . In the case of Ni/Y-based nanotubes, these carpets are made of an amorphous carbon-based matrix containing some nickel nanoparticles (figure 2). The presence of catalyst particles in these flake-like particles let us figure out the formation of a kind of Ni-doped DLC-like material. However, practically no iron is present in the particle material, in agreement with the good antiwear properties. In the case of metal-free MWNT, the situation is very different. Wear debris are mainly composed of iron oxides and little carbon is incorporated as shown by chemical maps in Figure 3 . The origin of the excellent performance of Ni/Y-based SWNT is not obvious and the origin of ultralow friction is not known.
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